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(54) Generation of a system model

(57) A computer is operated to generate electronic
data defining a system model by loading into the com-
puter a class definition defining instructions which are
processed by the system, the definition including a set
of functional methods to which the instruction is sub-
jected by the system and a set of locations for members
representing the instruction. A model execution pro-
gram is then executed on the computer which calls the
class definition for each instruction, invokes one of the
functional methods and loads the locations of the entry
with state information depending on the functional
method to create a functional component. The func-
tional component is loaded into memory and the state
information of the functional component modified in
dependence on a subsequently invoked functional
method by the model execution program.

The class definitions may be one of the members
and may be the address of the instruction in a memory
of the processor being modelled, a record of any loops
caused by the instruction, the opcode of the instruction
describing the effect of the instruction when executed, a
pointer to a description of the effect of the instruction
when executed or an array of operands including input
and output operand values for the instructions.
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Description

[0001] This invention relates to a computer system for generating a system model, particularly but not exclusively
to generation of a processor model.

[0002] There are two approaches commonly taken when implementing performance models of devices. The first is
to produce a low level model of each component of the device and then connect up these component models to pro-
duce a complete simulation. This activity may be performed in numerous ways, for example, using a hardware descrip-
tion language such as VHDL or Verilog. The main benefit of this is that synthesis techniques for these languages are
quite mature, making it possible to generate silicon directly from the description. Another example is a conventional pro-
gramming language such as C/C++. The main benefits of taking this approach are that models tend to run quicker than
VHDL/Verilog simulations, will typically run independently of any proprietary simulation environment (which may be
essential if the model is to be used by customers) and will still integrate quickly and cleanly into any proprietary envi-
ronment in which it is required. A further example is a graphical modelling tool, such as CAE-Plus's Archgen. This has
the benefit of being able to produce reasonably fast C models, but also generate VHDL/Verilog which can be used when
a path to synthesis is required.

[0003] The main failings of this strategy are as follows.

[0004] It is a labour intensive approach, the cost of which is difficult to justify unless the model itself forms part of
the design flow from architecture to silicon (as is typically the case for a VHDL/Verilog model say). It certainly makes no
sense to try and develop, maintain and keep consistent two low-level models, say one written in C and the other in
VHDL (though this is frequently attempted).

[0005] The model is functionally useless until it is virtually complete, that is, it is unlikely that the model will be able
to run any benchmark code until very late in the design process.

[0006] The production of such models is totally dependent upon the complete (micro)architecture of the chip having
been specified, and must track any changes to this specification. Again, this means that the model will turn up very late
in the process.

[0007] Not only must the performance model track changes in the (micro)architecture specification it must also
track the iterations in the architecture specification.

[0008] This late delivery of the model means that, although it should be of use for performance verification of the
device, it will provide no support for the many activities which would benefit from the existence of early performance
models.

[0009] The second approach uses a technique called trace driven simulation. This involves taking an instruction
trace of a piece of code run on the functional simulator and feeding this to a model of the device. The main problems
with this technique are that it is inevitably imprecise as it is based on imperfect information, for example, the perform-
ance model never has any visibility of instructions partially executed on any mispredicted path. Moreover, this technique
cannot be used during any system performance modelling as the post-mortem nature of trace simulation means that
the model cannot react to its environment.

[0010] It is an aim of the invention to mitigate or reduce these problems.

[0011] According to one aspect of the present invention there is provided a method of operating a computer to gen-
erate electronic data defining a system model, the method comprising: loading into the computer a class definition
defining functional objects which are processed by the system, the definition including a set of functional methods to
which the object is subjected by the system and a set of locations for members representing the object; executing on
the computer a model execution program which calls the class definition for each object, invokes one of the functional
methods and loads the locations of the entry with state information depending on the functional method to create a
functional component; loading said functional component into an electronic storage medium wherein; and modifying the
state information of the functional component in dependence on a subsequently invoked functional method by the
model execution program.

[0012] Another aspect of the invention provides a computer system operable to generate electronic data defining a
system model, the computer system comprising: a memory for holding class definition defining functional objects which
are processed by the system, the definition including a set of functional methods to which the object is subjected by the
system and a set of locations for members representing the objects; a processor for executing a model execution pro-
gram which calls the class definition for each object, invokes one of the functional methods and loads the locations of
the entry with state information depending on the functional method to create and modify functional components; and
an electronic storage medium in which said functional components are stored and modified to generate the system
model.

[0013] In the example described herein, the system is a processor and the objects are instructions to be executed
by the processor.

[0014] At the heart of the invention is the separation of the function of the device from its performance. This is
achieved by generating the functional model in such a way that its individual components are suitable for re-use within
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a performance model. For implementing a performance model, a timing method can be associated with each functional
component. Note that this does not usually require specific knowledge of a particular implementation. For example,
when developing a functional model of a processor, a functional component for execution of an instruction is arranged
to read its source operands and write any results to its destination operands, rather than modify a register file directly.
Thus, the instruction state (the destination operand result) is decoupled from the processor state (the register file). This
arrangement means that in a performance model of a simple pipeline (with fetch, decode, execute, writeback phases)
register forwarding (a feedback loop from the output of the execute phase back to its input) can be implemented by cop-
ying a result operand from an instruction which has just executed to any dependent operands in the next instruction to
be executed.

[0015] The model can be refined during the project, becoming ever more cycle-accurate until, if required, it exhibits
precisely the same timing behaviour as the design. This gives flexibility to trade-off accuracy against time/cost.

[0016] As performance models are derived from functional models they always incorporate the required functional-
ity, for example executing code. Moreover, they can track, virtually automatically, any changes in the architectural spec-
ification. As the model is not intended as the basis for any synthesis it is possible to perform the modelling at a higher
level of abstraction. This allows the environment to support explorations of the (micro)architectural design space without
a complete (micro)architecture specification and implementation having to be produced.

[0017] This early delivery of performance models incorporating functionality makes them amenable to supporting
many activities which would otherwise have to rely on far less empirical techniques. For example cost vs. benefit trade-
offs; (micro)architecture, such as explorations of various dynamic and static branch prediction techniques; toolchain
optimisations, particularly instruction scheduling, and algorithm development; production of marketing data from run-
ning standard and customer benchmarks; and validation, that is, ensuring a particular design can meet the demands of
the market to which it is targeted.

[0018] For a better understanding of the present invention and to show how the same may be carried into effect,
reference will now be made by way of example to the accompanying drawings in which:

Figure 1 is a diagram illustrating an instruction state class definition;

Figure 2 is a schematic sketch illustrating use of the model execution program;

Figure 3 is a block diagram of a computer system for implementing the model execution program;
Figure 4 is a diagram illustrating implementation of a model of a scalar pipeline;

Figure 5 is a more detailed diagram illustrating implementation of a model of a scaler pipeline; and
Figure 6 is a flow chart of a timing method for implementing a performance model.

[0019] The following example illustrates how the functional model of a simple processor architecture can be imple-
mented in such a way that it is appropriate for reuse by the performance model. This is achieved by identifying what
architectural information needs to be associated with a particular instruction instance to give it a correct view of the
architectural state, that is, the state as it would be seen by the instruction if all instructions were being executed sequen-
tially. For this example the instruction state contains the following information:

i) the program counter (pc), that is the address of the instruction;

i) the opcode (opcode), that is the raw undecoded data found at the address of the instruction;

i) the instruction (instr), this is a pointer to a description of the decoded instruction, it includes information about
operand usage and an execute method which implements the function of the instruction;

iv) an array of operands (op), this contains local copies of all the input and output operand values to the instruction;

v) a record of any traps caused by the instruction (trap), this must be held with the instruction as it is not until an
instruction reaches the final phase of execution that any trap it has raised is acted upon;

vi) a reference to the processor state (proc), this contains the complete architectural state at the point at which the
last instruction completed its execution (that is, it was retired).

[0020] Associated with the instruction are a number of methods which implement the different logical phases of the
execution of an instruction. These are:

a) fetch, which reads the contents of memory at the pc to get the opcode of the instruction;
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b) decode, which decodes the fetched opcode;

c) register_fetch, which reads any source operands from the register file into the instruction states local copies;
d) execute, which executes the function of the instruction, writing to the destination operand of the instruction;

e) retire, which write the result operands back to the register file, and performs any updates to the pc, including any
discontinuities introduced by control hazards such as traps or branches.

[0021] An appropriate class definition in the language C++ for the state and methods described above is shown in
Annexe 1 and Figure 1.

[0022] Figure 1 is a diagram illustrating the class definition. The class definition comprises public and private parts.
The class is constructed using a class constructor CC, called here InstrState, and allows each instruction within a class
to be identified by its address (pc) in the memory of the processor being modelled and a reference to the processor
state (proc) at the time the instruction is fetched from memory. The definition includes the functional methods a) to e)
mentioned above, which are denoted in Figure 1 FM1,FM2 etc. The definition also includes a plurality of class mem-
bers, MEM1,MEM2 which are the items i) to vi) mentioned above. The instruction (instr) is shown diagrammatically as
a pointer to an instruction definition ID in another part of memory. A reference to the processor state (proc) is held in
the private part of the class definition and is capable of being loaded with changes in the processor state brought about
by use of the class definition, so that it provides a comparison with the actual processor state in the system model.
[0023] Prior to executing a model, basic model data is established in the form of a set of instruction definitions 1D
which define an execute method for each instruction (Instr 1, Instr 2, etc). A decode table DT is also established which
relates opcodes with execute methods. Functional methods defining functional components of a model are manually
generated by a system designer and entered into the memory of a computer system.

[0024] Reference is now made to Figure 2 to show how a functional model may be implemented. In order to imple-
ment a functional model, only one instruction is ever in a process of being executed at a time. Thus, to advance the
model what is needed is to create a single instance of the instruction state class and invoke each phase of instruction
execution in turn. This is done by a model execution program MEP. The model execution program MEP has access to
a database which holds the class definition (class constructor InstrState), the instruction definitions and the decode
table DT. An instruction is identified in the database by its address (pc) in memory of the device being modelled. The
program then generates a functional component FC by invoking a functional method and loading relevant state infor-
mation into the class members for that functional method. For example, when the fetch method is invoked by if.fetch,
the pc and opcode members are loaded with the address of the instruction and the opcode of the instruction. A subse-
quent functional method is then invoked, which in the given example is the decode method if.decode. According to this
method, the opcode is associated with an instruction definition using the decode table and the instruction class member
is loaded to modify the functional component. Subsequently, an execute method is invoked by the model execution pro-
gram MEP and the instruction definition loaded in the instruction class member is used to determine the effect on the
operands in the instruction state class.

[0025] In this way, a functional component is created and modified by the sequential invocation of different func-
tional methods by the model execution program MEP. This is discussed more fully in relation to the pipeline example
given later.

[0026] Figure 3 is a schematic block diagram of a computer system capable of implementing the functional model
defined above and the performance model to be described below. A computer 2 has a processor 4 capable of running
the model execution program MEP. It also has a memory 6 which provides an electronic storage medium in which the
functional components of the model can be stored and modified during execution of the model. In addition the memory
6 may, if it is sufficiently large, hold the database. Alternatively, the computer can have a memory reader 8 which can
read external memory 10 attached to the computer and holding the database, for example in the form of a disk or similar
means. The computer system also includes an input device 12 which can be a keyboard, mouse, disk-drive or any other
suitable input means to allow a user to control execution of the model in cooperation with the model execution program.
[0027] When it comes to the implementation of a performance model multiple instances of the InstrState class need
to be managed. This is necessary because, in any processor design worth implementing, the lifetimes of instructions
are invariably heavily overlapped. Even through the lifetimes of instructions overlap it is (usually) necessary that the
instruction stream should behave as if the instructions were being executed sequentially. To achieve this the perform-
ance model incorporates the mechanisms chosen by the microarchitects to manage the potential control and data haz-
ards that the parallel execution of instructions cause. By way of an example, Figure 4 is an illustration of the InstrState
class previously described being used to provide the functional behaviour of instructions in a four stage pipeline design.
[0028] The example of Figure 4 is shown implementing a functional model of execution of the following sequence
of code:
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(a) 1000 100d mov #10, R1 (10,10)

(b) 1002 0503 add R1, R1, R2 (10,10,20)
(c) 1004 0872 mul R2, R1, R3

[0029] The model of the pipeline includes a fetch phase 22, decode phase 24, execute phase 26 and write back
phase 28. The pipeline is illustrated after three cycles of operation. At the first cycle, the first instruction (a) was fetched.
At the second cycle, the first instruction (a) was decoded and the second instruction (b) was fetched. At the third cycle,
the state illustrated in Figure 4, the third instruction (c) is fetched, the second instruction (b) is decoded and the first
instruction (a) is executed. Thus, a functional component is generated for the third instruction (c) by invoking the fetch
method using the instruction state members pc and opcode as illustrated. The decode phase is modelled by invoking
the decode method for the instruction state class for the second instruction (b). For the decode phase, the instr. member
is needed and the operand information is included as the three separate members of the op location illustrated in Figure
1. The execute phase is modelled by invoking the execute method using the instruction state class for the first instruc-
tion (a). Thus, instruction (a) was used to generate a functional component by invoking the fetch method, then that func-
tional component was modified in the decode and execute phases by invoking the decode and execute methods and
modifying the state information of the functional method accordingly. To implement the model, a decision needs to be
made as to how to manage any difficulties arising in the particular code sequence. For the sample of code illustrated in
Figure 4, a read after write data hazard occurs, caused by the fact that when the operands for the second instruction
(b) are read from the register file, the result of the first instruction (a) (which would update the register file in the write
back phase) has not yet arrived at the write back phase. The mechanism chosen to overcome this hazard in this exam-
ple is a piece of forwarding logic which recognises that an update to a register in the register file is pending and instead
forwards the result from the later stage in the pipeline back to the input of the execute phase. This is illustrated diagram-
matically by reference numeral 30 in Figure 4. In a more complex design which permits out of order execution for exam-
ple, a different solution might be chosen for resolving this hazard. Figure 5 illustrates in more detail how the
performance model illustrated in Figure 4 is constructed. As already mentioned, each phase of the pipeline is imple-
mented as a separate C++ class. All inputs and outputs of each phase are declared as members of the class using tem-
plate classes Queuelnput(T), QueueOutput{T), SignalOutput(T) and SignalOutput(T). These are denoted in Figure
5 by the first two letters defining the template class and the last letter being the initial of the stage with which the tem-
plate class is associated. Thus, for example, SID denotes the Signallnput class for the decode phase. The
Queuelnput{T) and QueueOutput{T) classes provide a mechanism to pass particulate data items of type T from one
object to another. The Signallnput{T) and SignalOutput{T) classes provide a mechanism to propagate data of type T
freely amongst the components.

[0030] The queue input and queue output classes are used in the model to provide a way for the instruction state
classes to flow through the model. As illustrated by way of example in Figure 5, new instances of each instruction state
class are created dynamically by the fetch method. The passage of an instruction to the subsequent decode phase is
simulated by appending a pointer to the object (the instruction state class) into an output queue. The output queue of
the fetch phase is labelled QOF in Figure 5 and is modelled using the template class queue output instruction state. The
pointer on the object controls the position of the object on the input queue QID for the decode phase. In this manner,
the created object (instruction state class) can be "passed" through the pipeline. When it reaches the write back phase,
its life cycle is complete, it is read from the input queue of that phase and the object is deleted.

[0031] The signal input and signal output classes provide a mechanism for simulating various effects in a proces-
sor. For example, they can be used in managing the effect of a branch. When a branch instruction is executed, the fetch
phase must be informed so that the next object which it creates is the instruction state class for an instruction at a dif-
ferent location. Also, the decode phase must be informed so that it can delete objects representing now redundant
instructions from its input queue. As illustrated in Figure 5, this can be done by using the signal classes. A member
SignalOutput{address) is added to the execute stage and Signallnput{address) classes are added to the fetch and
decode stages.

[0032] A processor model class procm is created which includes as members the functional components modelling
each of the four phases of the pipeline. The constructor for the class cc(procm) joins all the input and output members
of each pipeline component using their connect methods. Queue outputs are connected only to one input but signal out-
puts may be connected to several inputs.

[0033] In order to model the timing aspect of a performance model, a tick method is added to each pipeline com-
ponent. This is used to model the operations performed by each pipeline component when it is clocked.

[0034] As a specific example, the decode component is described in more detail in the following. The decode phase
is the second stage in the pipeline. Thus, instructions flow both into and out of the stage. In addition, a signal is received
from the execute phase when a branch occurs. A suitable class definition is given in Annexe 2.

[0035] Figure 6 illustrates how the tick method behaves for the decode phase. The core of the method is defined in
steps S4 to S7. According to step S4, an instruction is taken from the front of the input queue QID. The decode method
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(is.decode) is called for that instruction. The instruction is then placed according to step S6 on the back of the output
queue QOD. According to step S7, the method is then terminated. The method is also terminated in circumstances
determined by steps S1,S2 and S3. According to step S1, it is determined whether or not a branch is active. If so, all
instructions are deleted from the input queue in step S8 and the method is terminated. According to step S2, it is deter-
mined whether or not the output queue is full. If it is, the method is terminated. According to step S3, it is determined
whether or not the input queue is empty. If it is, the method is terminated.

[0036] Annexe 3 describes a sequence of code in C++ to implement this.

[0037] In summary, the advantages of the technique are:

o delivery of very early, but approximate, performance models;
o the ability to refine the model to whatever degree of accuracy is required whilst always retaining full functionality;
o0 being able to track architecture changes simply by importing a new version of the functional model;

o much less effort is required than that associated with producing a low-level cycle-accurate models.
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class InstrS

{

public

privat

Annexe 2

class Decode

{
public

Decode () ;

QueuelInput<I
QueueOutput<

SignalInput<

void tick();

}
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tate

’

InstrState (Address pc,

void fetch();

void decode() ;

void register_fetch();
void execute() ;

void retire();

Address pc;
TrapState trap;
Opcode opcode;
Instruction* instr;
Operand op(3];

e:

Processor& proc;

nstrState*> input;
InstrState*> output;

Address> goto;

Processor& proc)

//

/7
//
//

//

class constructor (needs do nothing)
instruction input queue
instruction output gqueue

branch indication signal

method which clocks decode stage
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Annexe 3

void Decode::tick()
{
if (goto.is_valid())
{
while (input.is_valid()) delete input.pop_head() ;
return;
}
if (!input.is valid()) return;
if (output.is_blocked ()) return;
InstrState* is = input.pop head();
is->decode () ;

output.push_tail(is);

Claims

1.

A method of operating a computer to generate electronic data defining a system model, the method comprising:

loading into the computer a class definition defining functional objects which are processed by the system, the
definition including a set of functional methods to which the object is subjected by the system and a set of loca-
tions for members representing the object;

executing on the computer a model execution program which calls the class definition for each object, invokes
one of the functional methods and loads the locations of the entry with state information depending on the func-
tional method to create a functional component;

loading said functional component into an electronic storage medium wherein; and

modifying the state information of the functional component in dependence on a subsequently invoked func-
tional method by the model execution program.

A method according to claim 1, wherein the system is a processor and the functional objects are instructions to be
processed by the processor.

A method according to claim 2, wherein the class definition comprises as one of the members the address of the
instruction in a memory of the processor being modelled.

A method according to claim 2, wherein the class definition comprises as one of the members a record of any traps
caused by the instruction.

A method according to claim 2, wherein the class definition comprises as one of the members the opcode of the
instruction describing the effect of the instruction when executed.

A method according to claim 2, wherein the class definition comprises as one of the members a pointer to a
description of the effect of the instruction when executed.
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A method according to claim 2, wherein the class definition comprises as one of the members an array of operands
including input and output operand values for the instructions.

A method according to any preceding claim, wherein the class definition includes a state location for holding a ref-
erence to the architectural state of the system being modelled.

A method according to any preceding claim which includes associating a timing method with each functional com-
ponent to generate electronic data defining a performance model.

A computer system operable to generate electronic data defining a system model, the computer system compris-
ing:

a memory for holding class definition defining functional objects which are processed by the system, the defi-
nition including a set of functional methods to which the object is subjected by the system and a set of locations
for members representing the objects;

a processor for executing a model execution program which calls the class definition for each object, invokes
one of the functional methods and loads the locations of the entry with state information depending on the func-
tional method to create and modify functional components; and

an electronic storage medium in which said functional components are stored and modified to generate the
system model.
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